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ABSTRACT Since the 1970s, replication-competent human adenoviruses 4 and 7
have been used as oral vaccines to protect U.S. soldiers against the severe respira-
tory diseases caused by these viruses. These vaccines are thought to establish a di-
gestive tract infection conferring protection against respiratory challenge through
antibodies. The success of these vaccines makes replication-competent adenoviruses
attractive candidates for use as oral vaccine vectors. However, the inability of human
adenoviruses to replicate efficiently in laboratory animals has hampered the study of
such vectors. Here, we used mouse adenovirus type 1 (MAV-1) in mice to study oral
replication-competent adenovirus-based vaccines. We show that MAV-1 oral adminis-
tration provides protection that recapitulates the protection against homologous re-
spiratory challenge observed with adenovirus 4 and 7 vaccines. Moreover, live oral
MAV-1 vaccine better protected against a respiratory challenge than inactivated vac-
cines. This protection was linked not only with the presence of MAV-1-specific anti-
bodies but also with a better recruitment of effector CD8 T cells. However, unex-
pectedly, we found that such oral replication-competent vaccine systemically spread
all over the body. Our results therefore support the use of MAV-1 to study
replication-competent oral adenovirus-based vaccines but also highlight the fact that
those vaccines can disseminate widely in the body.

IMPORTANCE Replication-competent adenoviruses appear to be promising vectors
for the development of oral vaccines in humans. However, the study and develop-
ment of these vaccines suffer from the lack of any reliable animal model. In this
study, mouse adenovirus type 1 was used to develop a small-animal model for oral
replication-competent adenovirus vaccines. While this model reproduced in mice
what is observed with human adenovirus oral vaccines, it also highlighted that oral
immunization with such a replication-competent vaccine is associated with the sys-
temic spread of the virus. This study is therefore of major importance for the future
development of such vaccine platforms and their use in large human populations.
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Oral vaccination offers economical and logistical advantages compared to other
delivery methods. In addition, mucosal administration of antigens could improve

vaccine efficacy by inducing better responses at the site of entry of many pathogens (1).
However, achieving a protective immune response through the oral route is still
challenging (2–4). Indeed, in the intestine, which is constantly subjected to commensal
bacteria and food antigens, immune responses are contained by potent regulatory
mechanisms that prevent uncontrolled activation (5, 6). Therefore, oral vaccines require
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efficient delivery systems to elicit effective immune responses. Adenovirus vectors have
desirable features in that context (1).

Adenoviruses are nonenveloped with an icosahedral capsid containing a linear
double-stranded DNA genome. Human adenoviruses cause acute pathologies, which
are usually mild but which can be more severe in immunocompromised subjects (7).
Despite the attractive properties of adenovirus vaccine vectors, including genome
stability, growth to high titers, and efficient stimulation of innate and adaptive immu-
nity (8), a major limitation to their use is the seroprevalence against many adenovirus
types in human populations (9). However, mucosal administration would not be
affected by preexisting immunity (10). Furthermore, in comparison with replication-
defective vectors, replication-competent adenovirus vectors may have an enhanced
ability to break immune tolerance mechanisms present in the gut mucosa (11). Coun-
tering the concern about the risks associated with replication-competent vectors (12),
most epidemiological data have established the safety of replicative adenoviruses
when they are administered orally. Indeed, since the 1970s, wild-type human adeno-
virus type 4 (Ad4) and Ad7 have been used as oral vaccines to protect members of the
U.S. military from the severe acute respiratory diseases caused by these two viruses
(13–17).

To date, these oral vaccines have been administered to more than 10 million U.S.
military trainees, showing 95% efficacy and no reported significant adverse effects (16).
In view of this success, replication-competent adenoviruses are promising vectors for
the development of oral vaccine platforms (18–20). These replication-competent ade-
novirus vaccines are thought to induce a local, transient, and asymptomatic intestinal
infection that elicits neutralizing antibodies in serum and subsequent protection
against a respiratory challenge with the same viruses (15, 21). After immunization, a
better recruitment of immune cells at other mucosal surfaces may also be possible, but
this hypothesis has never been investigated (15).

The potential of replication-competent adenoviruses as vectors for heterologous
immunization has been poorly explored to date (8, 22–24). The study and development
of replication-competent adenovirus vectors are hampered by their high host specific-
ity. In particular, human adenoviruses do not replicate efficiently in rodents. Respiratory
infection has been achieved in cotton rat, Syrian hamster, and mouse models, but it
requires very high doses (107 to 1010 PFU) (25–27). The use of a host that supports
efficient viral replication is essential to study live vaccines under conditions that mimic
their intended use in humans. Therefore, administration of mouse adenovirus type 1
(MAV-1) to mice is a relevant and useful model to study replication-competent ade-
novirus infection in its natural host (28–30). Moreover, MAV-1 intranasal infection elicits
in C57BL/6 and BALB/c mice an interstitial pneumonitis that has been used as a model
for human acute respiratory disease caused by human Ad4 and Ad7 (30–34).

In order to develop a model for evaluation of orally administered replication-
competent adenovirus vaccines in mice, we characterized oral infection of BALB/c mice
by MAV-1, and we evaluated the protection that oral administration of replication-
competent MAV-1 confers against an intranasal challenge with the same virus.

RESULTS
MAV-1 oral infection is subclinical and gives rise to a virus-specific and neu-

tralizing antibody response. To characterize MAV-1 oral infection, groups of 8-week-
old female BALB/c mice were infected through the oral route (by the use of an
esophageal feeding needle) with 104 50% tissue culture infective doses (TCID50) of
MAV-1 and then euthanized at day 3, 7, 14, or 21 postinfection (p.i.) (Fig. 1a). No specific
clinical signs (data not shown) or weight loss (Fig. 1b) were observed in MAV-1-infected
mice compared to mock-infected mice at any time point. At the postmortem exami-
nation, the only differences seen were enlarged mesenteric lymph nodes and Peyer’s
patches (data not shown). However, quantitative PCR (qPCR) of feces revealed sporadic
shedding of the virus at least up to 21 days p.i. (Fig. 1c), suggesting local replication in
the gut. Since human adenovirus oral vaccines produce a specific and neutralizing
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antibody response that is thought to be determinant for the protection (15, 21), we
measured MAV-1-specific antibodies in the sera of infected mice at days 3, 7, 14, and
21 p.i. (Fig. 1d). We detected significant levels of MAV-1-specific antibodies from day 14
p.i. Furthermore, neutralizing antibody titers were quantified by neutralization assay
(Fig. 1e). This analysis revealed the presence of neutralizing antibodies as early as day
7 p.i. and an increase of neutralizing antibody titers over all the subsequent time points
that were tested. These results show that MAV-1 oral administration to mice results in
a subclinical infection that allows generation of a specific and neutralizing humoral
immune response against the virus similar to that generated by Ad4 and Ad7 vaccines
in humans (15, 21).

MAV-1 oral immunization protects against a respiratory homologous chal-
lenge. Having established that oral infection with MAV-1 is nonpathogenic (based on
a lack of clinical signs) and triggers an antiviral humoral immune response, we then
wanted to know if this infection confers protection against intranasal challenge with
the same virus, as is observed with human Ad4 and Ad7 vaccines (16). For this purpose,
mice were immunized with 104 TCID50 of MAV-1 or mock immunized orally. Then, at
day 28 p.i., both mock- and MAV-1-treated groups were intranasally challenged or not
with 105 TCID50 of MAV-1 and euthanized at day 3, 7, 14, or 21 postchallenge (Fig. 2a).
To evaluate the clinical condition of the mice, they were monitored and weighed from
the day of oral immunization until the end of the experiment (Fig. 2b). Consistent with
our previous results, MAV-1 oral infection did not induce any clinical signs or weight

FIG 1 Characterization of MAV-1 oral infection in BALB/c mice. (a) Eight-week-old female BALB/c mice
were orally infected with 104 TCID50 of MAV-1 or PBS (mock) and euthanized at day 3, 7, 14, or 21 p.i. for
analysis (n � 5 mice in each group). The numbers above the arrow indicate the day postinfection. (b)
Weight of mice. (c) MAV-1 genome copy numbers in feces. (d) MAV-1-specific antibodies. OD, optical
density. (e) MAV-1-neutralizing antibody titers. The data presented are either the means for 5 mice � SEM
(b) or individual data and means (c to e). Pooled data from naive mice at days 3 and 21 provided the
negative control (n � 10). P values are for comparison between mock-infected mice and infected mice at
the indicated time points. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ND, not determined.
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loss until challenge. From 6 days postchallenge, nonimmunized intranasally challenged
(mock/intranasal) mice began to develop clinical signs: all mice in this group experi-
enced weight loss (on average, the loss of 14% of the initial mean weight), and some
displayed a ruffled coat and/or a mild lethargy. These manifestations peaked at 7 days
postchallenge, and then most mice recovered within 2 days. Two mice developed a
more severe syndrome characterized by a hunched posture, ataxia, and lethargy and
were euthanized at day 7 postchallenge (�20% weight loss). In contrast, mice that had
previously been orally immunized (oral/intranasal) did not display any weight loss (Fig.
2b) or clinical signs after the intranasal challenge.

MAV-1 intranasal infection of mice generates an inflammatory response in lungs
that is histologically characterized by a substantial cellular infiltrate in peribronchiolar
regions (30, 32). In order to compare pulmonary inflammation in the different groups,
lungs were isolated and weighed after MAV-1 intranasal challenge (Fig. 2c). While there
was no difference between the lungs from mock-immunized, mock-infected (mock/
mock) mice and those from orally immunized, mock-infected (oral/mock) mice, the
lungs from mock/intranasal mice were significantly heavier at days 7, 14, and 21
postchallenge (Fig. 2c). The lung weights of mice orally immunized before intranasal
challenge (oral/intranasal) were higher than those of mock/mock mice only at days 3
and 7 postchallenge. Moreover, after challenge, comparison between the mock/intra-
nasal and oral/intranasal groups highlighted differences at all time points tested.

FIG 2 Evaluation of the protection induced by MAV-1 oral administration against a respiratory homologous challenge. (a) Eight-week-old female BALB/c mice
were orally infected with 104 TCID50 of MAV-1 or PBS as a control (mock). At 28 days p.i., the mice were challenged or not by intranasal administration of 105

TCID50 of MAV-1 while they were under mild isoflurane anesthesia. Mice were euthanized at days 3, 7, 14, and 21 after intranasal challenge. Mice that did not
receive MAV-1 either orally or intranasally (mock/mock) were euthanized at days 3 and 21 as negative controls (n � 5 in each group). (b) Weight of mice through
day 21 postchallenge. For each time point, means were compared to the mean for the mock/mock group. (c) Weight of lungs at euthanasia. (d)
Hematoxylin-eosin-stained sections of lungs at 7 days postchallenge. The images are representative of those from 3 animals. Bar, 100 �m. Mock/mock (top left
in panel d), mice that were not infected either orally or intranasally; mock/intranasal (top right in panel d), mice that were mock infected orally and then infected
intranasally with MAV-1; oral/mock (bottom left in panel d), mice that were infected orally with MAV-1 and then mock infected intranasally; oral/intranasal
(bottom right in panel d), mice that were infected orally with MAV-1 and then challenged intranasally with the same virus. The data presented are either the
means for 5 mice � SEM (b) or individual data and means (c). Pooled data from naive mice at days 3 and 21 provided the negative control (n � 10). P values
are for comparisons between the indicated time points (#, P � 0.05; ##, P � 0.01; ###, P � 0.001) or between mock-infected and the other groups of mice at
the indicated time points (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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Indeed, while at day 3 after intranasal challenge lung weights were higher in oral/
intranasal mice, the opposite was observed at days 7, 14, and 21 postchallenge. These
data suggest that MAV-1 oral immunization led to an immediate and moderate
inflammatory reaction in the lungs at day 3 postchallenge and subsequently reduced
the inflammation induced by the intranasal homologous challenge.

These observations were confirmed by histological analyses on lung samples at day
7 postchallenge (Fig. 2d). Thus, the lungs from oral/mock mice were apparently devoid
of inflammation and similar to those from mock/mock mice. Consistent with previous
studies (30, 32), the lungs from mock/intranasal mice displayed a massive infiltration of
inflammatory cells, essentially localized in the lumen of the alveoli. In contrast, in
oral/intranasal mice, there was no prominent infiltration, and the general appearance
was comparable to that of the lungs from mock/mock mice. Altogether, these results
show that MAV-1 oral immunization protects from the severe clinical signs and massive
lung inflammation that are observed following a respiratory infection with MAV-1.

MAV-1 oral immunization triggers B and CD8 T cell responses. We then char-
acterized the pulmonary immune cell infiltration in these 4 groups at day 7 postchal-
lenge (Fig. 3a). In mock/intranasal mice, we observed a massive cellular infiltrate
composed of neutrophils, inflammatory monocytes (Ly6Chi monocytes), and NK cells
both in bronchoalveolar lavage (BAL) fluid (BALF) (Fig. 3b) and in the lung parenchyma
(Fig. 3c). In contrast, this infiltration of innate immune cells was nearly totally abolished
in oral/intranasal mice (Fig. 3b and c). In those mice, we observed the tissue infiltration
of CD8 T cells that displayed mainly an effector memory phenotype (CD62L� CD44hi)
(Fig. 3c) and the presence of a significant amount of B cells in the airways (Fig. 3b). This
suggests that oral immunization with MAV-1 triggers the development of an adaptive
immune response that contributes to protection against a subsequent respiratory
challenge with the same virus.

MAV-1 oral immunization reduces viral replication after a respiratory homol-
ogous challenge but leads to a systemic infection. We then compared the viral loads
of MAV-1 in the lungs after intranasal infection of mice that had previously been orally
immunized or not (Fig. 4a). We assessed the presence of the virus by qPCR (Fig. 4b). As
expected, the level of viral DNA detected in lungs from mock/intranasal mice was
higher at days 3, 7, and 14 postchallenge than in lungs from oral/intranasal mice. These
results indicate that MAV-1 oral immunization at least partially protects against viral
infection in the lungs during intranasal challenge. Surprisingly, we also detected viral
DNA in the oral/mock group, suggesting that the virus spread to the lungs after oral
administration.

To investigate the potential systemic dissemination of the virus, we evaluated the
presence of the virus in blood and in various organs at different time points after oral
immunization (Fig. 4c to e). In blood, viral DNA was detected as early as 3 days p.i. in
some mice and was still detected in some mice at 21 days p.i. (Fig. 4d). To localize the
sites of infection in the digestive tract, we dissected the gut into duodenum, jejunum,
and ileum and isolated Peyer’s patches from these respective parts. MAV-1 genomes
were detected in all segments of the small intestine and in all corresponding Peyer’s
patches at day 7 p.i. High levels of viral genomes were also detected in Peyer’s patches
of the duodenum at days 14 and 21 p.i. (Fig. 4e). In contrast, MAV-1 genomes were only
sporadically detected in the jejunum and ileum and in the corresponding Peyer’s
patches at days 14 and 21 p.i. We then assessed the presence of the virus in draining
mesenteric lymph nodes and spleen. Significant levels of viral DNA were detected at all
time points tested from day 7 p.i. Viral DNA was also detected in liver, lungs, heart, and
brain from infected mice (Fig. 4e). The highest levels of viral genomes were detected at
day 7 p.i. in liver and lungs and at day 14 p.i. in heart and brain (Fig. 4e). Previous
studies have reported infection of these organs after MAV-1 intraperitoneal or intra-
nasal administration (35–37) as well. These results indicate that MAV-1 orally adminis-
tered to mice leads not only to infection of the small intestine and Peyer’s patches but
also to its systemic dissemination throughout the body.
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We next tested whether oral administration of a lower dose of MAV-1 could confer
protection while avoiding the systemic infection observed with 104 TCID50. We immu-
nized mice with 1, 10, 102, 103, or 104 TCID50. At day 28 p.i., mice were intranasally
challenged with 105 TCID50 as described above (Fig. 5a). Daily weighing up to 14 days
postchallenge showed that mice orally immunized with 102 TCID50 or more did not
display any notable weight loss, suggesting that these mice might have been effec-
tively protected (Fig. 5b). These results were confirmed by serological analyses for mice
immunized with 102 TCID50 or more, since we detected a MAV-1-specific and
-neutralizing antibody response (Fig. 5c and d). Based on these results, we infected
mice orally with 102 TCID50 to determine whether this lower protective dose also
induced a systemic infection (Fig. 6a). The qPCR analyses performed on the digestive
tract (duodenum, jejunum, ileum, and their respective Peyer’s patches), lymphoid
organs (mesenteric lymph nodes, and spleen), and distal organs (lungs and brain)
showed the presence of viral DNA in all these tissues in amounts similar to those
detected after oral administration of 104 TCID50 of MAV-1 (Fig. 6b). The only obvious
difference between the qPCR results obtained after a high dose (Fig. 4) and a low dose
(Fig. 6) was the kinetics of infection. After oral infection with the lower dose, the peak
of viral DNA was delayed from day 7 to day 14 p.i. in most of the analyzed organs. These
results show that oral administration of 102 TCID50 was sufficient to induce a specific
and neutralizing humoral response against MAV-1 and to prevent the weight loss
associated with an intranasal challenge. However, this lower dose was also associated
with a systemic infection.

Oral immunization with a live vaccine better protects than intramuscular
immunization with an inactivated vaccine against a respiratory MAV-1 homolo-
gous challenge. Because systemic dissemination of the live adenovirus vectors is
potentially harmful, we then determined if live oral vaccine offers advantages, other
than the practical route of administration benefit, compared to an alternative inacti-
vated intramuscular immunization (Fig. 7 to 9). We immunized mice orally or intramus-
cularly either with 104 TCID50 of live MAV-1 or with the same dose of formalin-
inactivated virus. Twenty-eight days later, the mice were challenged intranasally with
the same virus and euthanized for analysis at day 7 postchallenge (Fig. 7a). As
previously observed, mice orally immunized with the live vaccine (oral live/intranasal)
were completely protected against weight loss. Similarly, mice immunized intramus-
cularly with the live vaccine (intramuscular live/intranasal) or inactivated vaccine (in-
tramuscular inactivated/intranasal) were also protected (Fig. 7b). Mice orally immunized
with the inactivated virus (oral inactivated/intranasal) displayed a limited weight loss
compared to the nonimmunized control mice (Fig. 7b). Next, we evaluated the viral
loads in the lungs at day 7 postchallenge. This revealed a decrease in the number of
viral genomes detected in mice immunized with live vaccines intramuscularly or orally
and, to a lesser extent, in mice immunized intramuscularly with the inactivated vaccine.
Mice immunized orally with the inactivated vaccine did not display any reduction
in the number of viral genomes in the lungs (Fig. 7c). We then assessed the
presence of MAV-1-specific total Ig and IgA in serum and BALF at day 7 postchal-
lenge (Fig. 7d). We found specific antibodies in serum and BALF in all immunized
mice except those immunized orally with the inactivated vaccine. While no specific
IgA was detected in serum, specific IgA was present in the BALF from the groups of
mice immunized orally with the live vaccine or intramuscularly with the live or
inactivated vaccine, with the highest levels being observed in the last two groups
(Fig. 7d). The neutralization capacity of the serum correlated with the amount of

FIG 3 Characterization of lung immune cell populations after MAV-1 oral immunization and challenge. (a) Eight-week-old female
BALB/c mice (n � 5 per group) were orally infected with 104 TCID50 of MAV-1 or PBS as a control (mock). At 28 days p.i., mice were
challenged by intranasal administration of 105 TCID50 of MAV-1 while they were under mild isoflurane anesthesia. Mice were
euthanized at day 7 after intranasal challenge. (b) Gating strategy (top) and total numbers (bottom) of immune cell populations in
BALF. (c) Gating strategy (top) and total numbers (bottom) of immune cell populations in lungs. P values are for comparisons between
all pairs of groups. *, P � 0.05; **, P � 0.01; ***, P � 0.001. SSC, side scatter; FSC, forward scatter; AM, alveolar macrophages; Neutro,
neutrophils; MO, monocytes; Leu, leukocytes; Eosino, eosinophils; TEM cells, effector memory T cells.
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FIG 4 MAV-1 distribution after oral immunization and challenge. (a) Eight-week-old female BALB/c mice (n � 5 per group) were orally
infected with 104 TCID50 of MAV-1 or PBS as a control (mock). At 28 days p.i., mice were challenged by intranasal administration of
105 TCID50 of MAV-1 while they were under mild isoflurane anesthesia. Mice were euthanized at day 7 after intranasal challenge. (b)
MAV-1 genome copy numbers in lungs. (c) Eight-week-old female BALB/c mice were orally infected with 104 TCID50 of MAV-1 or PBS
(mock) and euthanized at days 3, 7, 14, or 21 p.i. for analysis (n � 5 in each group). The numbers above the arrow indicate the day
p.i. (d) MAV-1 genome copy numbers in blood. (e) MAV-1 genome copy numbers in organs. PP, Peyer’s patches; LN, lymph nodes.
The data presented are individual data and means. Pooled data from naive mice at days 3 and 21 provided the negative control
(n � 10). P values are for comparisons between the indicated time points (#, P � 0.05; ##, P � 0.01) or between the mock-infected
group and the other groups at the indicated time points (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

Goffin et al. Journal of Virology

July 2019 Volume 93 Issue 13 e00237-19 jvi.asm.org 8

https://jvi.asm.org


specific total Ig (Fig. 7e). In the BALF, complete neutralization (used to determine
the neutralizing antibody titer) was achieved only in the groups immunized with
the live vaccines (Fig. 7e).

We then characterized the immune cell populations in BALF and lungs by flow
cytometry analysis at 7 days postchallenge (Fig. 8 and 9). Live vaccines administered
orally or intramuscularly almost completely protected against neutrophil, NK cell, and
inflammatory monocyte infiltration in the BALF and in the lung parenchyma (Fig. 8b
and c and Fig. 9b and c). In comparison, the inactivated intramuscular vaccine conferred
only partial protection against inflammatory cell infiltration. In the groups of mice
immunized orally with inactivated MAV-1, although we did not observe any protection
in the lungs (Fig. 8c and 9c), we detected a decrease in the number of NK cells and
inflammatory monocytes in BALF (Fig. 8b and 9b). In contrast, the numbers of B cells
and CD4, CD8, and effector memory (CD62L� CD44hi) CD8 T cells were markedly higher
in the lungs of mice immunized intramuscularly with live MAV-1 than in the lungs of
mice in the other groups. The number of these adaptive immune cells was similar in
mice intramuscularly immunized with the inactivated MAV-1 and mice orally immu-
nized with the live vaccine, except for effector memory CD8 T cells, which were more
numerous in the latter group (Fig. 8c and 9c). Altogether, these results show that
although the intramuscular immunization of live MAV-1 conferred a better adaptive
immune response than the oral immunization of live MAV-1, these two vaccines
protected similarly against weight loss, viral replication, and lung inflammation. In
contrast, the intramuscular inactivated vaccine only partially prevented pulmonary
inflammation and conferred a weaker protection against viral lung infection, despite
eliciting higher levels of anti-MAV-1 IgA in BALF.

FIG 5 Comparison of the protection induced by different doses of MAV-1 against a respiratory homologous MAV-1 challenge. (a)
Eight-week-old female BALB/c mice (n � 5 per group) were orally infected with 1, 10, 102, 103, or 104 TCID50 of MAV-1 or PBS as a control
(mock). At 28 days p.i., mice were challenged by intranasal administration of 105 TCID50 of MAV-1 while they were under mild isoflurane
anesthesia. Mice were euthanized at day 14 after intranasal challenge. (b) Weight of mice from day 0 to day 14 postchallenge. The data
presented are the average for 5 mice � SEM. For each time point, means were compared to the mean for mice in the mock/intranasal
group. Statistically significant differences were observed between mice challenged with 102, 103, and 104 TCID50 and the mock/
intranasal group at days 6, 7, 8, and 9 p.i.; for clarity, this is not represented on the graph. (c and d) MAV-1-specific antibodies (c) and
MAV-1-neutralizing antibody titers (d) after oral immunization but before challenge (day 0). OD, optical density. Individual data are
presented, and means are shown by a line. P values are for comparison between mock-infected mice and mice receiving the indicated
MAV-1 doses. ***, P � 0.001.
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DISCUSSION

Oral administration of replication-competent adenovirus-vectored vaccines is a
promising approach for mass vaccination in either animal or human populations. In
particular, attention has been paid to the development of oral replication-competent
vectors based on human Ad4 and Ad7, because these viruses have been used since the
1970s as oral live vaccines in U.S. military forces (13–17). Usage of these vaccines may
need to be increased in the coming years, since recent studies reported an apparent
increase in the frequency of human Ad4 infections among general populations in the
past 10 years (38, 39). This observation could be linked to the evolution of the virus.
Indeed, while Ad4 was one of the first viral respiratory pathogens to be isolated (40),
the fact that it likely originates from chimpanzees was only recently described (41, 42).
The genomes of simian adenoviruses and the prototype Ad4 do not contain specific
replication motifs in their inverted terminal repeats (such as the human NF-I transcrip-
tion factor binding site), therefore limiting the circulation of these viruses in human
populations. However, most emergent Ad4 isolates have this NF-I binding site, sug-
gesting that the occurrence of Ad4-related diseases could increase in the future.
Similarly, human adenoviruses species B, such as Ad7, also likely originated from African

FIG 6 Dissemination of MAV-1 in BALB/c mice after a low-dose oral infection. (a) Eight-week-old female BALB/c
mice were orally infected with 102 TCID50 of MAV-1 or PBS (mock) and euthanized at day 3, 7, 14, or 21 p.i. for
analysis (n � 5 mice in each group). The numbers above the arrow indicate the day postinfection. (b) MAV-1
genome copy numbers in organs. Individual data and means are presented. Pooled data from naive mice at days
3 and 21 provided the negative control (n � 10). P values are for comparison between the mock-infected group and
the other groups of mice at the indicated time points. *, P � 0.05; **, P � 0.01; ***, P � 0.001. PP, Peyer’s patches;
LN, lymph nodes.
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great apes and may also pose new global challenges for human health, as recently
observed (43). A better knowledge of replication-competent oral adenovirus vaccines is
therefore of major importance.

Until now, the development of such vaccines has been hampered by the lack of any
reliable small-animal model. In this study, we characterized MAV-1 oral infection of

FIG 7 Comparison of the protection induced by live or inactivated MAV-1 oral or intramuscular immunization against a respiratory homologous challenge. (a)
Eight-week-old female BALB/c mice (n � 5 per group) were orally or intramuscularly immunized with 104 TCID50 of live MAV-1 or the same dose of
formalin-inactivated MAV-1. At 28 days p.i., mice were challenged by intranasal administration of 105 TCID50 of live MAV-1 while they were under mild isoflurane
anesthesia. Mice were euthanized at day 7 postchallenge. (b) Weight of mice after challenge. (c) MAV-1 genome copy numbers in lungs at day 7 postchallenge.
(d) MAV-1-specific total immunoglobulin (Ig) and IgA in serum and BALF at day 7 postchallenge. (e) MAV-1-neutralizing antibodies in serum and BALF at day
7 postchallenge. Mock/mock, mice that were not infected either orally or intranasally; mock/intranasal, mice that were mock infected orally and then infected
intranasally with live MAV-1; oral live/intranasal, mice that were infected orally with live MAV-1 and then challenged intranasally; intramuscular live/intranasal,
mice that were infected intramuscularly with live MAV-1 and then challenged intranasally; oral inactivated/intranasal, mice that were infected orally with
inactivated MAV-1 and then challenged intranasally; intramuscular inactivated/intranasal, mice that were infected intramuscularly with inactivated MAV-1 and
then challenged intranasally. The data presented are either the means for 5 mice � SEM (b) or individual data and means (c, d, e). P values are for comparison
between all pairs of groups. For clarity, only differences between the mock/intranasal and the other groups are shown and only differences for day 7
postchallenge are shown in the weight curve. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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BALB/c mice as a mouse model for Ad4- and Ad7-based vaccines. First, we showed that
MAV-1 oral infection does not induce any clinical signs in BALB/c mice. Second, we
showed that MAV-1 oral immunization protects mice against a respiratory challenge
with the same virus. Third, we showed that MAV-1 oral infection spreads systemically,
as demonstrated by the detection of viral DNA in multiple organs. Finally, we compared
the immune responses induced by the live vaccine given orally or intramuscularly and
those induced by formalin-inactivated vaccines.

Oral administration of MAV-1 did not induce any weight loss (Fig. 1) but triggered
the development of a specific adaptive immune response that protected the mice

FIG 8 Characterization of lung immune cell populations after live or inactivated MAV-1 oral or intramuscular immunization and challenge. (a) Eight-week-old
female BALB/c mice (n � 5 per group) were orally or intramuscularly infected with 104 TCID50 of live MAV-1 or the same dose of formalin-inactivated MAV-1.
At 28 days p.i., mice were challenged by intranasal administration of 105 TCID50 of live MAV-1 while they were under mild isoflurane anesthesia. Mice were
euthanized at day 7 postchallenge. (b) Total numbers of immune cell populations in BALF. (c) Total numbers of immune cell populations in lung parenchyma.
Mock/mock, mice that were not infected either orally or intranasally; mock/intranasal, mice that were mock infected orally and then infected intranasally with
live MAV-1; oral live/intranasal, mice that were infected orally with live MAV-1 and then challenged intranasally; intramuscular live/intranasal, mice that were
infected intramuscularly with live MAV-1 and then challenged intranasally; oral inactivated/intranasal, mice that were infected orally with inactivated MAV-1 and
then challenged intranasally; intramuscular inactivated/intranasal, mice that were infected intramuscularly with inactivated MAV-1 and then challenged
intranasally. The data presented are individual data and means. P values are for comparison between all pairs of groups. For clarity, only differences between
the mock/intranasal and the other groups are shown. *, P � 0.05; **, P � 0.01; ***, P � 0.001. AM, alveolar macrophages; neutro, neutrophils; MO, monocytes;
eosino, eosinophils; TEM cells, effector memory T cells.
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against respiratory homologous challenge (Fig. 2), thus reproducing in mice what it is
observed with human Ad4 and Ad7 vaccines (21). Ad4 and Ad7 vaccines are thought
to cause a transient subclinical infection of the gut and not disseminate beyond the
intestinal tract and especially not disseminate to the blood, urine, or throat (15, 21). In
contrast, our results showed that after initial replication in the small intestine, MAV-1
disseminated all over the body (Fig. 4). Indeed, after oral immunization, we observed a
peak of viral DNA at 7 days p.i. in all segments of the intestine tested, suggesting that
the virus not only enters the body through the gut but also replicates at that site. This
observation parallels the findings of studies on Ad4 and Ad7 vaccines that identified
the presence of virus in the stools of vaccinated people up to 28 days p.i. (15). The same
study also reported that the virus shedding in feces was observed only sporadically and
not in all vaccine recipients (15). These data are consistent with those from our murine
model, in which we found viral DNA in feces from infected mice only sporadically (Fig.
1c). For human Ad4 and Ad7 vaccines, the specific sites of infection in the gut are not
known (21). Human Ad5 targets M cells in a Caco-2 cell model of intestinal epithelium
(44). We thus investigated the presence of the virus in Peyer’s patches of each segment
of the gut and found viral genomes in Peyer’s patches from all of them. While the levels
of viral genomes peaked at day 7 p.i. and then decreased in Peyer’s patches from the
jejunum and the ileum, viral levels stayed high up to day 21 p.i. in Peyer’s patches from
the duodenum, suggesting a preferential site of replication (Fig. 1c). Despite the
detection of viral genomes, histological analyses did not reveal any obvious differences
between Peyer’s patches from uninfected and infected mice (data not shown). To
precisely locate the sites of infection and the targeted cells in the future, identification
of viral antigens in specific cell subsets will be useful.

Unexpectedly, besides the digestive tract, MAV-1 was also detected in the mesen-
teric lymph nodes, spleen, and all the distal organs that we tested (Fig. 4). These
observations were made with a dose as low as 100 TCID50 of MAV-1 administered orally
(Fig. 6). These results may portend a similar biodistribution for Ad4 and Ad7 in humans.
The human Ad4 and Ad7 vaccines contain at least 3.2 � 104 TCID50 of Ad4 and Ad7.
While Ad4 and Ad7 oral vaccines have acceptable safety profiles, as demonstrated over
many years in thousands of recipients, the knowledge acquired on these vaccines is
based on their use in only a very specific population. Ad4 and Ad7 vaccines are
exclusively approved for use by U.S. military forces and are essentially administered to
new military recruits, i.e., young people in good health. A broader use of these viruses
as vaccine platforms in a large population must therefore be considered with caution,
considering the potential dissemination of the virus throughout the body. In addition,
the understanding of the events that occur following the release of Ad4 and Ad7
vaccines in the gut is very limited. To date, the data consist of clinical observations,
serology, and screening for virus in blood, stool, rectal swabs, and throat swabs at only
a few time points after vaccine administration. In particular, the absence of viremia was
diagnosed only based on analysis of blood collected and frozen at days 0, 7, 28, and 56
after vaccination and then cultured in order to reveal the presence of adenoviruses (15).
It is thus possible that viremia occurs at time points that have not been tested.
Additionally, it is possible that the adenovirus culture approach was not sensitive
enough to detect virus in blood, as suggested by the negative results obtained by
blood culture for two vaccine placebo recipients who developed an Ad4 infection

FIG 9 Gating strategy used for the characterization of lung immune cell populations of MAV-1-challenged mice after different
immunization protocols (a) Eight-week-old female BALB/c mice (n � 5 per group) were orally or intramuscularly infected with 104 TCID50

of live MAV-1 or the same dose of formalin-inactivated MAV-1. At 28 days p.i., mice were challenged by intranasal administration of 105

TCID50 of live MAV-1 while they were under mild isoflurane anesthesia. Mice were euthanized at day 7 postchallenge. (b) Representative
dot plots in BALF. (c) Representative dot plots in lung parenchyma. Mock/i.n., mice that were mock infected orally and then infected
intranasally with live MAV-1; oral live/i.n., mice that were infected orally with live MAV-1 and then challenged intranasally; i.m. live/i.n.,
mice that were infected intramuscularly with live MAV-1 and then challenged intranasally; oral inact./i.n., mice that were infected orally
with inactivated MAV-1 and then challenged intranasally; i.m. inactivat./i.n., mice that were infected intramuscularly with inactivated
MAV-1 and then challenged intranasally; AM, alveolar macrophages; Neutro, neutrophils; MO, monocytes; Leuco, leucocytes; Eosino,
eosinophils; TEM cells, effector memory T cells.

Goffin et al. Journal of Virology

July 2019 Volume 93 Issue 13 e00237-19 jvi.asm.org 14

https://jvi.asm.org


during the trial, while they were positive by qPCR of throat swab samples (15). However,
this discrepancy could be inherent to the two techniques, with qPCR measuring the
viral DNA and blood culture quantifying infectious particles. In that context, it will be
important to compare the qPCR and culture methods for various tissues in our MAV-1
model, in order to further evaluate the sensitivity of these approaches and to charac-
terize the kinetics of the viremia following oral administration.

Besides viral dissemination, the study of MAV-1 oral inoculation of mice also sheds
new light on the possible mechanisms involved in the protection conferred by Ad4 and
Ad7 vaccines against a respiratory homologous challenge. In humans, those vaccines
are thought to mediate protection by inducing a protective antibody response (15, 21).
However, the mechanism of action of Ad4 and Ad7 vaccines has never been addressed
directly, and besides antibody, cells such as CD8 T cells could also play a role. Similar
to what is observed for Ad4 and Ad7, oral administration of MAV-1 induced a strong
protective antibody response that could be found in both serum and BALF after
respiratory challenge (Fig. 1 and 7). Surprisingly, after respiratory homologous chal-
lenge, we observed less IgA in the BALF of mice that received the live oral vaccine than
in mice that received the live or inactivated vaccine intramuscularly (Fig. 7d). In the case
of influenza virus infection in mice (45), IgA mediates protection of the upper respira-
tory tract, while IgG protects the lungs. The fact that mice that received the live MAV-1
oral vaccine did not develop a strong IgA response in BALF but displayed high levels
of total immunoglobulins is therefore probably not a weakness for the protection
against pneumonia. Besides antibodies, we also showed that mice that received the
oral live vaccine displayed a good effector CD8 T cell response after challenge,
suggesting that those cells could also play a role in the protection against MAV-1
respiratory challenge. Our results therefore suggest that, as previously thought, oral live
Ad4 and Ad7 vaccines probably protect against a respiratory challenge by inducing a
strong neutralizing antibody response. However, the important Ig isotype is probably
not IgA, because mice that received the intramuscular inactivated vaccine were not
fully protected, despite displaying the highest level of specific IgA in BALF (Fig. 5d).
Moreover, the presence in lung parenchyma of effector CD8 T cells in all groups that
were protected against the respiratory challenge (Fig. 6d) suggests that those cells
probably play a major role in protection.

Altogether, we have demonstrated that oral administration of MAV-1 protects mice
against a homologous respiratory challenge, establishing a reliable model for oral
vaccination based on replication-competent adenoviruses, such as human Ad4 and Ad7
vaccines. However, it must be emphasized that our results have also highlighted a
potential risk of systemic infection by replication-competent adenoviruses adminis-
tered orally. These results therefore suggest that we should use the utmost caution in
evaluating the safety of potential oral replication-competent adenovirus-based vectors.

MATERIALS AND METHODS
Animals. All animal work complied with relevant European, federal, and institutional policies. The

Committee on the Ethics of Animal Experiments of the University of Liège reviewed and approved the
protocol (permit number 1526). Female BALB/c mice were purchased from Envigo. All mice were housed
in the University of Liège Department of Infectious Diseases. The animals were infected orally or
intranasally with MAV-1 when they were 7 to 8 and 11 to 13 weeks old, respectively. For oral infections,
104 TCID50 (or the dose indicated elsewhere in the article) of MAV-1 diluted in 250 �l of phosphate-
buffered saline (PBS) was administered into the esophagus with a steel feeding gavage needle. For
intramuscular immunization, 104 TCID50 (or the dose indicated elsewhere in the article) of MAV-1
(inactivated or not) diluted in 30 �l of PBS was administered into one gastrocnemius with an insulin
syringe. For intranasal infections, 105 TCID50 of MAV-1 diluted in 30 �l of PBS was inoculated while the
mice were under mild isoflurane anesthesia. To evaluate clinical signs of infection, we monitored and
weighed the mice daily for 8 days p.i. and then every other day. Ruffled coat, loss of activity, and weight
loss below 20% were considered signs of moderate pain and distress; hunched posture, ataxia, lethargy,
and weight loss greater than 20% were considered signs of severe pain and distress and constituted
endpoint criteria.

Virus and cells. We used the pmE101 wild-type strain of MAV-1 for this work (46, 47). The virus was
grown on mouse 3T6 cells cultivated in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies)
supplemented with 2 mM glutamine, 100 U penicillin ml�1, 100 mg streptomycin ml�1, and 5% heat-
inactivated fetal calf serum (FCS) in an atmosphere of 5% CO2. The particle-to-number-of-PFU ratio was
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estimated based on the number of MAV-1 genomes per TCID50 (measured by quantitative PCR and
titration, respectively). This ratio was about 104 for each viral stock that we used.

Virus titration. For titration, subconfluent 3T6 cells in 96-well plates were infected with 10-fold serial
dilutions (from 10�1 to 10�8) of the viral samples in DMEM supplemented as described above; 10
replicates were made for each dilution. After 14 days, cells were fixed in 2% paraformaldehyde for 20 min
at room temperature (RT) and then washed 2 times in PBS and blocked for 30 min with PBS, 10% FCS,
300 mM glycine. Cells were then incubated at 4°C for 2 h with a primary rabbit polyclonal antiserum
directed against MAV-1 purified virions (AKO-1-68) (48) diluted 1,000-fold in the blocking solution. Cells
were washed 3 times in PBS and then incubated at RT for 30 min with a goat anti-rabbit IgG secondary
antibody conjugated with Alexa Fluor 488 (1 �g/ml; Life Technologies). After 3 washes in PBS, the cells
were observed and the titer (number of TCID50 per milliliter) of viral production was determined using
the classical Reed and Muench method (49). For inactivation, the virus was incubated for 72 h at 37°C in
0.025% formol and then dialyzed in Slide-A-Lyzer dialysis cassettes (molecular weight cutoff, 20 kDa;
Thermo Fisher) in PBS 2 times for 2 h each time and once overnight at 4°C.

In vivo sample collection and processing. Mice were euthanized by isoflurane inhalation, and then
their blood, organs, and feces were collected. For viral titration and for qPCR analyses, whole organs were
harvested and kept on ice during dissection. Each organ was disrupted in 1 ml PBS using TissueLyser II
solution (Qiagen) and either directly used for analyses or stored at �20°C until further processing. For
histological analyses, lungs were harvested and fixed in 10% formalin. After 24 h in formalin, the tissues
were transferred to 70% ethanol until they were embedded in paraffin.

Viral genome quantification. DNA was extracted from disrupted organs with a Wizard genomic
DNA purification kit (Promega). Viral genome loads were measured by real-time PCR. Briefly, 50 ng of
extracted DNA was added to a reaction mixture containing TaqMan Universal PCR mix (Life Technolo-
gies), forward and reverse primers (each at a 400 nM final concentration), and probe (final concentration,
200 nM) in a total volume of 25 �l. Primers were chosen to amplify a 167-bp fragment within the MAV-1
hexon DNA sequence (forward primer, 5=-GGCCAACACTACCGACACTT-3=; reverse primer, 5=-TTTTGTCCT
GTGGCATTTGA-3=), and these PCR products were quantified by hybridization with a TaqMan probe
(5=-FAM-CATTCCAGCCAACTTATGGCTCGGC-TAMRA-3=, where FAM is 6-carboxyfluorescein and TAMRA is
6-carboxytetramethylrhodamine). Reactions were performed on a CFX96 Touch real-time PCR detection
system (Bio-Rad) and consisted of 15 min of initial denaturation at 95°C, followed by 50 thermal cycles
of 15 s at 95°C and 40 s at 58°C. Standard curves were generated using 10-fold serial dilutions of known
amounts of plasmid pGEM-T Easy containing the fragment amplified with the MAV-1 hexon forward and
reverse primers. The thresholds were determined based on the results for the negative controls.

Quantification of MAV-1 specific antibodies by in-cell ELISA. 3T6 cells were plated in 96-well
plates at 5 � 103 cells per well, infected with 500 TCID50 of MAV-1 per well, and incubated at 37°C in 5%
CO2. When a cytopathic effect was observed (at approximately 5 days p.i.), cells were fixed in 2%
paraformaldehyde for 20 min at RT, washed 2 times in PBS, and blocked for 30 min with PBS, 10% FCS,
300 mM glycine. Cells were then incubated at 4°C for 2 h with mouse sera diluted 100-fold in the blocking
solution. Cells were washed 3 times in PBS and incubated at room temperature for 30 min with a goat
anti-mouse Ig polyclonal secondary antibody conjugated with alkaline phosphatase (0.5 �g/ml; Sigma).
After 3 washes with PBS, p-nitrophenyl phosphate (Sigma) was added and the mixture was incubated for
1 h, and then the reaction was stopped with 1 M sodium hydroxide. The absorbance was read at 405 nm
using a benchmark enzyme-linked immunosorbent assay plate reader (Thermo). Signals detected from
mock-infected cells were used as the background, and this background was subtracted from the
corresponding values obtained with MAV-1-infected wells.

Neutralization assay. Mouse sera were heat inactivated at 56°C for 30 min. BALF or sera were serially
diluted in complete medium (2-fold dilutions from 1:4 to 1:256 or 1:64 to 1:16,384, respectively). These
diluted serum/BALF samples were mixed with an equal amount of complete medium containing 2,000
TCID50 of MAV-1 per ml and incubated for 1 h at 4°C. One hundred microliters of the virus-serum/BALF
mixtures (eight replicates for each dilution) were added to 3T6 cells plated in 96-well plates at 5 � 103

cells per well. The cells were incubated at 37°C in 5% CO2, and the wells were monitored over 10 days
for MAV-1 infection by immunofluorescence labeling. The antibody neutralizing titer corresponds to the
inverse of the highest dilution at which infection was completely inhibited.

Histological analysis. Fixed lungs were put in xylene baths, and paraffin infiltration was performed
in an automatic tissue sample processor. After embedding into paraffin blocks, 5-�m sections were cut,
deparaffinized, and rehydrated in successive baths of xylene, absolute ethanol, 95% ethanol, 70%
ethanol, and then PBS. Sections were routinely stained with hematoxylin and eosin and then examined
by light microscopy.

Bronchoalveolar lavages. After euthanasia, the trachea was catheterized and BAL was performed by
2 consecutive flushes of the lungs with 1 ml ice-cold PBS containing cOmplete protease inhibitor cocktail
(Roche). The cell density in BAL fluid (BALF) was evaluated using a hemocytometer after Tuerk solution
staining (Sigma-Aldrich). Differential cell counts in BALF were determined by flow cytometry analysis.

Cell suspension preparations from organs. To harvest lung cells, mice were perfused with ice-cold
PBS through the right ventricle. Then, lung lobes were collected into a C Tube (Miltenyi) containing
complete Hanks balanced salt solution medium, 1 mg/ml collagenase D (Roche), and 50 �g/ml DNase I
(Roche), processed with a gentleMACS dissociator (Miltenyi), and incubated for 30 min at 37°C. Suspen-
sions of cells were washed, treated for lysis of the erythrocytes (red lysis buffer; eBioscience), and strained
through a 70-�m-mesh-size filter.

Flow cytometry. Labeling of single-cell suspensions was performed in fluorescence-activated cell sorting
(FACS) buffer (PBS containing 2 mM EDTA, 0.5% bovine serum albumin, and 0.1% NaN3) at 4°C. Cells were first
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incubated for 20 min with a purified rat IgG2a anti-mouse CD16/CD32 antibody (1/500) to block Fc binding.
FACS staining was performed by using different panels of fluorochrome-conjugated antibodies against CD45
(clone 30-F11; phycoerythrin [PE]-Cy7; dilution, 1/200), major histocompatibility complex class II (MHC-II; clone
M5/114.15.2; PE-Cy7; dilution, 1/2,000), CD3e (clone 145-2C11; allophycocyanin [APC]; dilution, 1/400), CD8
(clone 53-6.7; PE; dilution, 1/1,000), CD4 (clone RM 4-5; V450; dilution, 1/500), CD19 (clone MB19-1; APC-Cy7;
dilution, 1/500), CD49b (clone DX5; fluorescein isothiocyanate; dilution, 1/500), Ly6G (clone 1A8; APC-Cy7;
dilution, 1/500), CD11c (clone N418; Alexa Fluor 700; dilution, 1/500), CD11b (clone M1/70; Brilliant Violet
711; dilution, 1/1,500), Ly6C (clone HK1.4; BV785; dilution, 1/1,500), CD62L (clone MEL-14; eFluor 450; dilution,
1/1,000), and CD44 (clone IM7, PE-Cy7; dilution, 1/1,000). All antibodies were purchased from eBioscience, BD
Biosciences, or BioLegend. Dead cells were stained using fixable viability stain 510 (BD Bioscience) or fixable
viability dye eFluor 780 (eBioscience). Samples were analyzed on a BD LSR Fortessa X-20 flow cytometer
equipped with 50-mW violet 405-nm, 50-mW blue 488-nm, 50-mW yellow-green 561-nm, and 40-mW red
633-nm lasers and an ND1.0 filter in front of the forward scatter (FSC) photodiode, using BD FACSDiva
software. Data were analyzed with FlowJo software (TreeStar).

Statistical analysis. Data were analyzed with GraphPad Prism (version 5.0) software. For all the
experiments, 5 mice were in each group. For weight curves, the data were analyzed by 2-way analysis
of variance (ANOVA) and Bonferroni posttests. The qPCR data were analyzed by the Kruskal-Wallis
method followed by Dunn’s test. For serological analysis, we used the Wilcoxon-Mann-Whitney rank-sum
test. For lung weights, the data were analyzed by 1-way ANOVA. For lung and BALF cellular populations,
data were analyzed by 1-way ANOVA and Bonferroni posttests.
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